Turbidite bed thickness distributions from deep-water settings result from the interaction of an initial magnitude/ frequency of source-derived flow volumes, modified within the receiving basin by (1) variable flow rheologies, (2) environmental controls such as channels and lobes, and (3) basin-floor topography. This study attempts to isolate the effects of basin-floor topography on turbidite bed thickness distributions using outcrop examples where the ancient sea-floor topography has been reconstructed and is thought to dominate the signal. The Eocene and Oligocene Taveyannaz and Annot Sandstones of eastern Switzerland and France were deposited in confined intraslope basin and base-of-slope settings. The deposits of the confined basin record flow ponding and flow stripping; the base-of-slope deposits record the amalgamation of turbidites. Bed thickness data for both the confined basin and proximal baseof-slope settings are best approximated by an exponential distribution; the data from the more distal base-of-slope setting are better described by a power law. Statistical experiments presented here demonstrate that these distributions can be generated by the modification of an input signal with a power-law distribution. In the case of the confined basin, flow ponding causes dramatic thickening of beds. However, flow stripping counteracts this, particularly for the thicker beds, and may account for a very large proportion of the input volume of sediment bypassing the basin even before the basin is filled. For the base-of-slope setting, erosion and nondeposition of beds will result in the preferential preservation of thicker beds; the thick-bed population is also enhanced in the data by the unidentifiable amalgamation of beds. Differentiation between distributions that characterize these settings requires careful analysis of the thinnest and thickest portions of the populations and is aided by plotting the data as the log of cumulative number against bed thickness.
Introduction
Bed thickness measurements represent a basic geological quantity in stratigraphic analysis (e.g., Wood and Smith 1959) . The depositional processes recorded by a single bed vary significantly according to the environment of deposition. Certain environments are dominated by internally sourced transport and deposition of sediment, e.g., many coastal settings; in these environments, individual beds record a long and complex history of transport and depositional processes. In other settings, such as many alluvial or submarine fans, individual beds record short-lived, high-discharge events. In these latter settings, the thickness of a bed will be more directly influenced by the magnitude of the triggering event. In this study, we investigate how the magnitude/frequency signal of sedimentation events triggered from a given source may be mod- Manuscript received February 12, 2002; accepted November 18, 2002. ified by basin-floor topography and recorded in bed thickness distributions. Specifically, we aim to investigate the record of bed thickness statistics from topographically complex turbidite systems in order to define possible causal links between basinal topography, flow processes, and the record of bed thicknesses. We then explore the implications of these relationships for the interpretation of turbidite successions.
The data used for this study come from the Eocene/Oligocene Annot and Taveyannaz Sandstones of the Alpine foreland basin (Sinclair 1997) . Both of these systems record turbidite accumulation in confined subbasins and base-of-slope to proximal basin plain settings (Sinclair and Tomasso 2002) . First, we describe the characteristic flow processes within these settings and consider their impact on preserved bed thicknesses. We then go on to construct a series of statistical experiments that at-tempt to investigate the record of bed thicknesses that may result from the interpreted flow processes. The experimental output is then compared with the bed thickness data from various settings within the Annot and Taveyannaz Sandstone systems. This comparison enables the potential role of topographic modification of flow processes in these settings to be assessed.
The implication of this work is an improved understanding of the interpretation of bed thickness statistics from deep-water systems. Bed thickness data are available from core data or from subsurface hydrocarbon well logs where formation microscanner data are retrieved. In these cases, an understanding of the topographic controls on bed thickness is an important component in the prediction of reservoir distribution and producibility. Additionally, understanding how successive flows entering a basin are modified by topography enables improved understanding of the spatial distribution of sediment thickness and facies with respect to the basin morphology.
Turbidite Thickness Data
Successions of turbidite beds invariably exhibit an inverse relationship of bed thickness against numbers of beds (i.e., there are many more thin beds than thick beds). Measured bed thickness data have yielded various statistical distributions from lognormal to exponential and power law ( fig. 1 ). In lognormal distributions, the number of beds N of a given thickness h are given by ( ) m where m is the mean and j 2 is the variance. Lognormal distributions have been recorded from a variety of basin settings exposed at outcrop (e.g., Bokman 1953; Atkinson 1962; McBride 1962; Murray et al. 1996; Talling 2001) . In most of these examples, the apparent lack of very thin beds has been attributed to poor preservation due to erosion or to sampling problems (Drummond and Wilkinson 1996) ; if this were the case, then the true distribution may be better approximated by a negative exponential where N ≥h is the cumulative frequency, N total is the total number of beds, and 1 l p . h mean Distinguishing lognormal from negative exponential distributions is not always easy, and it is highly dependent on the reliability of the thin-bed population (Mann et al. 1974) . However, Talling (2001) has been able to record all thin beds in a study of the Oligocene Marnoso Arenacea in central Italy and has indicated that lognormal distributions are demonstrable in some settings.
Bed thicknesses measured from well log data in the Tertiary succession of the Izu-Bonin arc (Hiscott et al. 1992 ) generated a straight line on a log/ log plot indicating a power-law relationship ( fig. 1) given by
where b is the power-law exponent. A similar study on the Neoproterozoic Kingston Peak Formation, California (Rothman et al. 1994) , and the Tanqua Karoo system, South Africa (Carlson and Grotzinger, in press ), also revealed a power-law relationship over at least two orders of magnitude. The significance of a power-law relationship is that the frequency of depositional events of varying magnitudes is scale invariant; this is a common characteristic of geological quantities such as earthquake magnitudes, fault lengths, volcanic eruptions, and drainage networks (Turcotte 1997) . Why there should be such variability in bed thickness distributions, from lognormal to exponential to power law, remains a matter of debate (Carlson and Grotzinger 2001; Talling 2001 ). This study contributes to the debate by investigating possible linkages between potential source signals and intrabasinal modifications of that signal induced by basin-floor topography. 
Controls on Bed Thickness Statistics
The controls on the thickness of a bed deposited in a deep-water setting are dominated by (1) the flow volume derived from source, (2) the flow rheologies that disperse the sediment, (3) environmental processes (e.g., channel scour and overbank development), and (4) the basin-floor topography into which the sediment accumulates.
Flow Volumes. Flow volumes of turbidity currents are a direct response to the magnitude of their triggering events. A provocative implication of a common power-law distribution over orders of magnitude for turbidite beds is that it implies a likely common mechanistic control on the volumes of turbidity currents and hence on their triggering mechanisms. In deep-marine settings, there is a wide range of triggering mechanisms for turbidity currents. Slope oversteepening and seismic destabilization leading to slides and slumps may transform into turbidity currents such as the 1929 Grand Banks event (Piper et al. 1999) . Relative sea level change encourages slope instability that influences the frequency of slope-related triggering events (Damuth and Kumar 1975; Coleman et al. 1983) . Direct fluvial discharge with high suspended load may transform into hyperpycnal underflows that deposit fine-grained turbidites in certain settings (Mulder and Syvitski 1995) . Rothman et al. (1994) consider the possibility that continental slope and submarine fan systems may be analogous to the sandpile experiments by Bak et al. (1988) used to demonstrate theories of self-organized criticality. Such experiments generate a power-law distribution of the size of slope failures where the slope fluctuates around a critical value. In contrast, Hiscott et al. (1992) and Beattie and Dade (1996) interpret the data from the Izu-Bonin arc as a record of episodic sedimentation forced by earthquake triggering. The common occurrence of a power-law distribution for triggering mechanisms in source areas and the bed thickness distributions in the basins provides a strong argument for source-derived flow volumes being a first-order control (e.g., Hiscott et al. 1992; Rothman et al. 1994) .
Flow Rheologies. Flow rheologies recorded from turbidite systems are varied but are dominated by turbulent sediment gravity flows that are capable of transporting sediment thousands of kilometers from its source (Stow 1994) . Dependent on grain size distributions and flow hydrodynamics, deposition from turbidity currents ranges from a few millimeters thickness to several meters and from mudstones to gravel. The vertical sedimentary characteristics of a turbidite will depend on the history of flow variability at a given point (Kneller 1996) . The Bouma sequence (Bouma 1962) records flow deceleration during the passage of a surge-type turbidity current. It starts with structureless medium to coarse sands deposited under a concentrated boundary layer with hindered grain settling (Bouma A division). The overlying Bouma B and C divisions record more dilute flows with basal traction of grains leading to structured sandstones. Talling (2001) has plotted the thickness of the separate Bouma divisions, showing each to have a lognormal distribution with varying median values; when these populations are combined, they may appear as a segmented power-law distribution.
Non-Newtonian flow rheologies such as debris flows generate very different deposits that will also have distinctive bed thickness distributions (Rothman and Grotzinger 1996) . In addition, slurry deposits, which are thought to have a rheology somewhere between a high concentration turbidity current and a debris flow, are increasingly documented (Hiscott and Middleton 1979; Lowe and Guy 2000) .
In summary, there are a wide range of transport processes on submarine fans with varying flow rheologies and hence varying bedding geometries that should play an important role in determining bed thickness statistics. The extent to which variable flow rheologies combine to modify the bed thickness statistics of large data sets is a complex issue. The ability to characterize this signal will also be subject to the interpretive capabilities of the data recorder, e.g., how to separate the deposits of highdensity turbidity currents from debris flows (Shanmugan 1997).
Environmental Processes.
A number of depositional processes that influence bed thicknesses are characteristic of particular environmental settings. Flow stripping is recognized as an important process during the passage of a turbidity current down a sinuous channel; finer-grained components of the flow that are carried higher are separated from the coarser underflow by spilling over the bounding levees (Piper and Normark 1983) . Mutti and Sonnino (1981) proposed that small-scale cycles of turbidite bed thicknesses deposited in lobe settings were generated by the autocyclic shifting of the locus of deposition in response to the topography generated by the growing lobe. Carlson and Grotzinger (2001) demonstrate that the process of erosional amalgamation of beds in submarine channels modifies bed thickness statistics, producing more lognormal distributions, whereas unchannelized, basinal, and interfan successions exhibit power-law distributions.
Basin-Floor Topography.
Processes of flow deflection, reflection, and ponding of turbidity currents in response to basinal topography have been widely recognized (e.g., Van Andel and Komar 1969; Pickering and Hiscott 1985; Haughton 1994) . Extreme examples of these effects are recorded in the salt-withdrawal minibasins of the Gulf of Mexico (Winker 1996; Prather et al. 1998; Beaubouef and Friedmann 2000) where, in addition to the effects of flow confinement, abrupt gradient changes at base-of-slope strongly influence depositional patterns (Pirmez et al. 2000) . The effects of flow confinement are potentially dramatic on bed thickness and are part of the subject of this study. Malinverno (1997) highlighted the potential importance of flow confinement on the overall geometry of individual beds and on the increased likelihood of sampling all deposited beds compared with an unconfined setting where a bias will develop to the thicker beds.
Controls on Deposition of the Annot and Taveyannaz Sandstones
The Taveyannaz Sandstones are preserved in a tectonic window beneath the overthrust Helvetic nappes of eastern Switzerland (Milnes and Pfiffner 1977; fig. 2 (Apps 1987; Ravenne et al. 1987) and integrating this with the sedimentological evo- The location of the measured section through the Annot system is illustrated in the northern subbasin. For detailed information on location, this section is the same as the logged section 5 from below the Tê te de l'Auriac in figures 1, 2, and 9 in Sinclair (2000) . The numerous measured sections through the Taveyannaz Sandstones are not shown, but all are located and illustrated in Sinclair (1992) .
lution (e.g., Stanley et al. 1978; Pickering and Hilton 1998; Sinclair 2000) . The Taveyannaz Sandstones and the Annot Sandstones were simultaneously deposited in the northeastern and southwestern parts of the Alpine foreland basin, respectively, during late Eocene to early Oligocene times ( fig. 3A ; Sinclair 1997) . Both formations range from 500 to 2000 m thick and have sandstone/mudstone ratios averaging 0.7 to 0.9 (i.e., sand-rich). The Alpine foreland basin at that time was characterized by a turbidite-filled trough that ran along the frontal edge of the Alpine thrust front and was sourced from a number of point sources along the thrust wedge. Paleocurrents generally ran parallel to the elongate trend of the basin, i.e., northward along the western portion of the basin exposed in France and eastward along the northern portions of the basin exposed in Switzerland (Elliot et al. 1985; Sinclair 1997) . Sinclair (1992 Sinclair ( , 2000 has interpreted both the Annot and Taveyannaz Sandstones as having been deposited in topographically confined intraslope basins, separated from basin plain settings by intrabasinal highs ( fig. 3B, 3C ). The paleogeography of the Taveyannaz Sandstones is analogous to a thrust-top basin perched on an accretionary wedge, separated from the trench by a ridge above a blind frontal thrust. The structural controls on the Annot Sandstone basin morphology were linked to west-southwest-directed Alpine deformation and northward-directed Pyrenean/Provenç al related deformation (Siddans 1979 ; Lickorish and Ford 1998).
The source area for both of these formations was the evolving Alpine orogen. The Taveyannaz Sandstones contain a large proportion of andesitic volcanic detritus, which records the unroofing of Oligocene volcanic rocks (Vuagnat 1952) . The Annot Sandstones contain material sourced from the Alps to the east and from the Corsican and Sardinian massifs to the south (Stanley 1961) . The shallow marine feeder systems to the Taveyannaz Sandstones are not preserved, but the Annot Sandstones were fed by at least two point sources that are well preserved. The southern source was a steep-fronted, conglomeratic fan delta, and the eastern system was a lower gradient fan delta with turbidites onlapping deltaic toesets (Sinclair 2000) .
Taveyannaz Sandstones: Facies and Processes
Fourteen sedimentary logs were measured through the Taveyannaz Sandstones of the Glarus Alps, totaling 1300 m of section; most of the sections started at the basal contact with the underlying Globigerina Marls. Details of the locations and sedimentological descriptions are found in Sinclair (1992) . The descriptions below focus on those attributes that are indicative of processes that we believe influence bed thickness statistics, and hence new data relating to these aspects are presented. All the sections to the south of a thrust-cored anticline (the Jetzalp anticline; fig. 3C ) are described and interpreted separately and are referred to as coming from the inner basin; those to the north are within the outer basin (Sinclair 1992) .
Inner Basin. The sedimentary succession of the inner basin is dominated by very thick-bedded (from 1 to 10 m) sandstone/mudstone couplets ( fig.  4 ). Individual beds are laterally traceable for up to 1500 m with no change in thickness except where they approach the Jetzalp anticline, where the complete succession pinches out onto the underlying marls (Sinclair 1992) . Sandstone beds tend to be thinner and more frequent toward the top of the succession ( fig. 4 ). The bases of sandstone beds are dominantly coarse-sand grade, and the majority of beds fine upward into mudstones. A plot of the grading profiles of all of the beds greater than 3 m thick demonstrates a degree of variability in the grading profiles, with some gradually fining upward and others showing more abrupt upward grain size reductions ( fig. 5 ). The majority of beds show little internal structure. Out of 217 beds documented for grain sizes, 210 graded up into mudstones (97%; fig. 6A ). The majority of the thick beds have planar bases, although some have flutes and grooves. A noticeable feature of many of the very thick beds is the presence of sandstone injections up to 60 cm thick intruding upward from the coarse-grained portions of the beds. The mudstones overlying the thick-to very thick-bedded sandstones can be up to 5 m thick and are structureless apart from localized sandstone injections. Paleocurrents generated from flute marks of the inner basin averaged toward 060Њ, with a scatter between 010Њ to 103Њ. These directions record flows that ran about 30Њ oblique to the confining structural high.
The facies described from the inner basin of the Taveyannaz Sandstones have been interpreted as a record of flow ponding of turbidity currents in a confined subbasin (Sinclair 1992) . The northward pinchout of beds demonstrates the presence of a paleotopographic high that restricted the flows in that direction. The structureless nature of the beds and the evidence of sediment remobilization suggest high sediment fallout rates associated with thick accumulations for individual events. The dominant preservation of complete fining-upward profiles from coarse sandstone to mudstone and the planar bases to the sandstones suggest that erosional amalgamation between successive turbidites was not significant. The abrupt grain size reductions toward the tops of some of the thicker beds ( fig. 5 ) suggest that some of the finer-grained components of these beds may have been transported elsewhere. A possible interpretation is that the finer sand and silt components were able to surmount the topographic barrier, leaving the coarser component in the basin; this process would be comparable to flow stripping of fine-grained sediments over sinuous channel levees (Piper and Normark 1983) . However, the presence of thick mudstone intervals indicates that a significant portion of the finest component of the flow remained ponded within the confines of the basin. The nature of such selective flow stripping is uncertain, but one possibility is that the rapid deceleration of a ponded turbidity current may result in flow lofting and subsequent fallout of the mudfraction (Sparks et al. 1993 ). Gladstone and Sparks (2002) demonstrate that grain size breaks are a common phenomena and provide an idealized, tripartite model of a turbidite with two grain size breaks. In contrast, the turbidites of the inner basin (fig. 5) usually record just one break from sandstone into mudstone, missing out the "silty zone" (Gladstone and Sparks 2002) .
The upward preservation of thinner beds and the overall upward decrease in mudstone content through the succession are interpreted as the increased role of flow stripping during the progressive filling of the subbasin. This is because as the basin fig. 3) show the thinning and onlap of the lowermost beds. Bottom, One of the sedimentary logs through the inner basin illustrating the nature of the facies. This log is a more detailed version of that illustrated as log 11 in figures 2 and 7 of Sinclair (1992) . Note the presence of very thick-bedded sandstone-mudstone couplets and the presence of homogeneous mudstone intervals. These are interpreted as a record of flow ponding. The thinning of the sandstonemudstone couplets toward the top of the succession may have resulted from an increased degree of bypass of a component of the flows similar to flow stripping in submarine channels (Piper and Normark 1983) . All beds terminate upward where they are overlain by mudstones; in some of the beds, this termination may be directly from sandstones, and these surfaces are labeled as grain size breaks (GSB). B, All grain size profiles normalized for bed thickness shown on right. Figure 6 . Histograms of numbers of beds for the grain size interval measured at the tops of beds, where they are immediately overlain by the subsequent bed (A) for the inner basin and (B) for the outer basin. The proportion of beds in the inner basin fining upward into mudstones is 93%, reflecting the infrequency of erosional amalgamation during turbidite accumulation. In contrast, only 60% of beds in the outer basin graded up into mudstones, which indicates that 40% of beds show a degree of amalgamation with the overlying beds. By separating the populations as a function of bed thickness, beds 11 m thick have 68% amalgamation (C), and beds !1 m thick have 33% amalgamation (D). fills, the effective confining barrier height decreases (Sinclair and Tomasso 2002) . In summary, it is interpreted that the dominant, intrabasinal controls on bed thickness in the inner, confined basin of the Taveyannaz Sandstones were a combination of flow ponding and flow stripping of turbidity currents.
Outer Basin. To the north of the Jetzalp anticline ( fig. 3C ), the sedimentary sections exhibit different facies characteristics to those in the south (Sinclair 1992) . The succession is dominated by 5-100-mthick, sandstone-rich packages of beds (from 0.1 to 10 m thick) separated by laminated siltstones and mudstones ( fig. 7) . Packages are laterally continuous, although internally the beds show local thickening and thinning. The beds are dominated by structureless, medium-to-coarse sandstones with mudstone clasts scattered through the beds. Some localized wispy lamination in mud-rich sandstone intervals is present. Many of the beds do not grade up into mudstones but have abrupt and locally downcutting contacts placing sandstones on sandstones. These bedding surfaces are commonly loaded and are lined with mudstone clasts (fig. 7B) . Locally, these surfaces may be traced laterally into very subtle grain size changes, or they may disappear along strike, leaving no evidence of the existence of two beds and resulting in the complete and unidentifiable integration of beds to form a thicker sandstone-body. These surfaces are interpreted as a record of amalgamation of successive turbidity current deposits (Sinclair 1992) . Out of the 938 beds studied, only 563 graded upward into mudstones A, Illustration of the degree to which the data record a reasonable sample of the various subenvironments, as represented by the predominant facies in the succession, and the extent to which the system may be viewed as stationary versus evolving (Davies 1986). B, Sample of amalgamated sandstones illustrating identifiable amalgamation surfaces (arrows) picked out by subtle grain size changes and the common occurrence of mudstone clasts. The logs Tritt, Tierbodenhorn, and Hintersulz equate to logs 7, 6, and 4 located in figure 2 of Sinclair (1992) .
( fig. 6B ), indicating that 40% of the beds are amalgamated compared with the 3% in the inner basin. Further analysis of these data indicates that if the populations are divided into beds greater or less than 1 m thick, 68% of the beds thicker than 1 m are amalgamated ( fig. 6C ) compared with 33% of the thinner beds ( fig. 6D ).
Where the beds are not amalgamated, sandstone/ mudstone couplets develop. These beds are dominated by structureless sandstones with planar-and ripple-laminated, fine sandstone tops (Bouma A, B, and C) . Separating the sandstone packages are thinbedded siltstones and mudstones that can become up to 20 m thick. Bouma B, C, and D divisions are common within the beds in these intervals. Paleocurrents generated from basal structures ran from west to east along the strike of the anticlinal high that defined the base-of-slope ( fig. 3; Sinclair 1992) .
The facies of the outer basin of the Taveyannaz Sandstones are interpreted as having been depos- ited in a base-of-slope setting along strike from a feeder point. The flows were restricted to the south by the anticlinal ridge of the submarine Alpine thrust front, now preserved as the Jetzalp anticline ( fig. 3C ). The sandstone packages do not show evidence of channels; instead, individual, laterally traceable beds show localized downcutting, reflecting scouring that resulted in extensive amalgamation of beds. This information, combined with the lateral continuity of sandstone packages, suggests that these represent turbidite sand deposition on a proximal sheet or lobe sand body. The intervening fine-grained deposits represent either basin accumulation during periods of reduced sand input or finer-grained environments marginal to the main sand bodies.
Erosional amalgamation in nonchannelized, base-of-slope sandstone bodies is a common characteristic of this setting (e.g., Enos 1969; Mutti and Normark 1987) . Amalgamation may originate from the abrupt deceleration of turbidity currents at the base of the continental slope, resulting in the deposition of a sediment bar due to rapid sediment fallout, combined with the erosional excavation of a plunge pool (Garcia 1993; Lee et al. 2002) . Hence, the likelihood of erosion by a turbidity current is greater near the base-of-slope and decreases as flows decelerate and expand onto the basin plain. However, erosion by the largest events is likely to occur significantly beyond the plunge pool and hence is likely to be responsible for the amalgamation of thicker beds in the outer basin of the Taveyannaz Sandstones where the deposits are along strike from the slope feeder system. In summary, the intrabasinal processes that are interpreted as having been important in modifying bed thicknesses in this base-of-slope setting are (1) the lack of preservation of thin beds due to bypass and erosion and the erosive thinning of thicker beds and (2) the amalgamation of thicker beds generating even thicker sands that record multiple turbidity current events.
Taveyannaz Sandstones: Bed Thickness Data Data Collection. The data presented come from measured sedimentary sections on a 1 : 50 scale, which are presented in Sinclair (1989) and are summarized with exact locations in Sinclair (1992) . The deposits of the inner and outer basins are analyzed separately. The outer basin comprises nine measured sections spaced 2 to 15 km apart and totaling 1450 m vertical succession. The inner basin is represented by six measured sections spaced 1.5 to 9 km apart and totaling 500 m vertical succession. Many of the sections were measured from the contact with the underlying Globigerina Marls, and hence there is thought to have been a degree of synchroneity of deposition between the measured sections. This means that some beds are likely to have been recorded more than once in the data set presented.
Each bed is recorded from its base to the boundary between siltstone and mudstone at its top; the mudstone component of each turbidite is not recorded in these bed thickness data. Bed thicknesses are not differentiated between 0.05 and 0.1 m and are not recorded below 0.05 m. Where partial amalgamation of beds is shown by the superposition of the base of one bed onto the nonmudstone top of the underlying bed, these are measured as two separate beds. Throughout the study, all sandstone beds are included. The data-recording methodology differs subtly but importantly from some previous studies. For example, the data from Carlson and Grotzinger (2001) do not attempt to differentiate partially amalgamated turbidite beds, and hence the effects of bed amalgamation are emphasized more strongly in their data. In contrast, Talling (2001) excludes all beds with evidence of amalgamation, thus removing these effects from the data completely. In addition, Talling was able to separate the siliciclastic component of the mudstones from the background hemipelagites; thus, he was able to include what was interpreted as the full deposited thickness of the turbidite including the mudstones. Most previous studies, including this one, have not achieved this and therefore use only the component coarser than mudstone.
Debris flow deposits are treated variably; Rothman et al. (1994) exclude beds that are interpreted as debris flow deposits, and Talling (2001) separates beds that are interpreted as slurry-flow deposits (Lowe and Guy 2000) . The subdivision of the data set based on varying flow rheologies is not attempted in this study. To summarize, the approach taken here is to include all beds and to differentiate amalgamated beds where possible.
In order to differentiate the various possible distributions ( fig. 1) , all data are plotted as both histograms and cumulative frequency curves. The latter avoids the problems of choosing suitable bin intervals but does result in a smoothing of the data. Data are also plotted on linear and logarithmic axes in order to differentiate distributions.
Inner Basin Data (Fig. 8A-8D) . A notable feature of the inner basin is the common occurrence of isolated, thick-to very thick-bedded sandstones; 19% of all the beds are greater than 2 m thick compared with 6% for the outer basin. A histogram ( fig.  8A) shows the characteristic distribution of turbidites with many thin beds dominating. The nature of the distribution is further revealed by the log/ log histogram and the cumulative frequency plots ( fig. 8B, 8C ). The log/log plot of the histogram data indicates that it would be difficult to fit a line to the tops of the binned intervals, suggesting this is not a straightforward power-law distribution. A plot of cumulative frequency on log-log axes ( fig.  8C ) is convex-upward. A straight line fit to these data gives an R 2 fit of 0.77. A possible interpretation of these data is that they represent a faceted powerlaw distribution with two segments. In this interpretation, the beds less than 3.5 m thick exhibit a scaling exponent and an R 2 fit of 0.96, b p Ϫ0.4 and the beds greater than 3.5 m thick form another power-law distribution with and 2 b p Ϫ2.6 R p . An alternative approach to these data is to 0.97 examine them on a plot of cumulative number versus thickness on log/linear axes (fig. 8D) ; this produces a reasonably straight line for all beds over 0.25 m, indicating that an exponential distribution is a better approximation for these data ( fig. 1B) .
Outer Basin Data (Fig. 8E-8H ). The outer basin contains a higher proportion of thinner beds than the inner basin ( fig. 8A) . A simple interpretation of the log/log plot of the histogram and the cumulative frequency plot is that it represents a powerlaw distribution with a and an 2 b p Ϫ1.3 R p . Alternatively, the slight upward convexity in 0.92 the cumulative plot may be taken to represent a faceted power law with beds greater than 1 m thick (i.e., 184 beds out of the 993 measured) with b p and , and beds less than 1 m thick 2 Ϫ1.8 R p 0.99 having a lower scaling exponent of and b p Ϫ0.7 . Unlike the inner basin, these data do 2 R p 0.91 not show evidence of an exponential distribution when plotted with a log/linear scale ( fig. 8D ) but show a concave-upward signal, suggesting that the distribution is more a power law than that of the inner basin ( fig. 1B) .
Annot Sandstones
Facies and Processes. The data provided from the Annot Sandstones come from western outcrops in the central part of the Trois Evè ché s syncline beneath the Tê te de l'Auriac. Palaeogeographic reconstructions place this region in a basin plain to base-of-slope setting onlapping back toward the slope (Sinclair 2000) . Palaeocurrents were dominantly due west, running obliquely away from the slope that was aligned northwest/southeast. The succession here is dominated by thick, amalgamated sandstones with a packaging of beds similar to that seen in the outer basin of the Taveyannaz Sandstones ( fig. 9 ). The individual sandstone packages are laterally continuous but are internally complex with numerous localized scours. Beds range from !0.1 to 5.5 m thick and from siltstones to very coarse granular sandstones. Beds display variable normal grading, fining up into mudstones. Fifty percent of beds fine upward into siltstones and sandstones ( fig. 10 ) across surfaces that are commonly loaded or lined with mudstone clasts; as with the Taveyannaz Sandstones, these surfaces are interpreted as a record of amalgamation of the deposits of successive turbidity currents. Again, similar to the Taveyannaz Sandstone outer basin deposits, amalgamation of beds is more common in the thicker beds, with 87% of 212 beds greater than 1 m thick showing amalgamation, compared with 13% for the 522 beds that are less than 1 m thick.
The interpreted flow processes recorded in this succession are dominated by high-density turbidity currents (Lowe 1982) deposited on sheet or lobelike features in a base-of-slope to basin plain setting. The higher degree of bed amalgamation and the paleogeographic proximity to the shallowwater source area (Sinclair 2000) suggest that this succession was more proximal than the similar deposits of the outer basin of the Taveyannaz Sandstones.
Bed Thickness Data (Fig. 11) .
Using the same methodology as for the Taveyannaz Sandstones, 745 beds were measured and plotted as histograms and cumulative frequencies on linear and logarithmic scales. However, a notable difference with this data set is that it was measured from one vertical section 778 m thick from the basal contact with the Globigerina Marls. The histogram of bed thicknesses ( fig. 11A ) displays the usual high proportion The section illustrates the variety of facies represented through the measured section and hence the variety of subenvironments represented from the base-ofslope setting. The base of the succession here pinches out directly against the base-of-slope to the southeast (i.e., it onlaps southeastward), and the uppermost part of the section pinches out to an onlap surface 8-12 km to the south. Hence, the section records depositional environments that were progressively more distal from their base-of-slope pinchout location. The facies are interpreted as a record of sheet sand bodies with active scouring between sand deposits interbedded with finer-grained basin plain deposits (Sinclair 2000) . of thin beds through the succession. If the histogram is then plotted onto a log/log scale ( fig. 11B ) and compared with the cumulative frequency log/ log plot ( fig. 11C ), the problems of simply interpreting this as a faceted power-law distribution are revealed. The histogram demonstrates that while it would be feasible to draw a straight line linking the tops of the binned intervals for beds greater than 1 m thick, the thinner-bedded population cannot be viewed in this way. For the population thicker than 1 m, a straight line fit drawn through them yields a power-law exponent (b) of Ϫ2.4 with an R 2 of 0.96. The log-linear cumulative frequency graph ( fig. 11D) suggests that the 0.5 to 4 m population approximates to an exponential distribution. The !0.5 m population shows a slight steepening, which indicates that it behaves somewhat differently.
Modeling the Effects of Basin Floor Topography
The intentions of this part of the study are to use a series of statistical models aimed at evaluating the role of basin-floor topography on turbidite bed thickness populations. These models are not meant to represent an exhaustive, physical representation of the processes but are a first approximation of the effects interpreted from the sedimentology. The models consider a system in which the volume/ frequency distributions of the incoming turbidity currents prior to any modification by the basinfloor topography can be approximated by a power law. The reason for choosing a power-law input signal is that it best describes recorded magnitude/ frequency distributions of the likely triggering mechanisms such as slope collapse (Rothman et al. 1994) or earthquake triggering (Turcotte 1997 ). In addition, bed thickness populations for a number of basin plain turbidite systems, where the original input signal is most likely to be preserved, follow power-law distributions (Hiscott et al. 1992; Rothman et al. 1994; Carlson and Grotzinger 2001, in press ). Hence, our first step is to generate a powerlaw distribution of bed thicknesses by defining the total number of beds (in this case, 2000), the minimum bed thickness (in this case, 20 cm), and the power-law exponent (in this case, Ϫ1.4, based on previous studies cited above). This initial population is then modified in ways that simulate the effects of the processes that have been interpreted from the sedimentological record described previously. We have chosen not to investigate the role of environmental influences such as localized channel, levee, or lobe morphologies on the data (cf. Carlson and Grotzinger 2001) . Nor do we consider the effects of variable flow rheologies (cf. Talling 2001).
Two basin-floor configurations are investigated, determined by the interpreted basinal settings of the data presented from the Taveyannaz and Annot Sandstones. The first of these is where sea-floor topography generates a confined basin that has the potential to trap all or a part of incoming flows. Total basin confinement of this sort is well illustrated by the numerous salt-withdrawal subbasins of the Miocene to present Gulf of Mexico continental slope (Prather et al. 1998) and is the basis of the interpretation of the inner basin of the Ta- veyannaz Sandstones. The second configuration studied is of an abrupt downflow reduction in slope, simulating a base-of-slope setting as interpreted for the outer basin of the Taveyannaz Sandstones and the presented succession from the Annot Sandstones.
Confined Basin Scenario. Based on the sedimentological interpretations presented, we view the dominant effect on the thickness of individual beds in confined basin settings to be flow ponding. In addition to flow ponding, it is expected that flow stripping will place an upper limit on bed thickness in confined basins.
To calculate the modified bed thickness preserved in the confined basin, we assume that bed thickness and bed length are correlated in an unconfined setting (e.g., Malinverno 1997) . Empirical data on the ratio of bed thickness to length indicate that this is a logical assumption, although the values are highly variable, ranging from 10 Ϫ5 to 10 Ϫ6 (Pilkey et al. 1980; Cossey 1994) . We also make the assumption that the approximate shape of an unconfined turbidite bed is circular so that we can approximate the volume of each bed using the formula for the volume of a cylinder, i.e., where r uc is the radius of an unconfined bed and h uc is its thickness. We chose a reasonable value for the bed thickness to length ratio from the literature cited above, i.e.,
If the confined basin is also assumed to be circular in shape, with radius r c , then assuming that the volume of the turbidite is the same whether it is confined or unconfined, we can solve for the thickness of the turbidite within the basin, i.e., Since h uc /r uc is a constant, we find that h c is proportional to , where the constant of proportion-3 h uc ality is 1 .
Thus, the effect of confining the beds to a finitesized basin is to decrease the slope of the power- The triangles represent the modification of the input signal caused by confinement of the turbidites in a small intraslope basin with a radius of 5 km, and the squares represent the modification of the confined population intended to simulate flow stripping of the beds greater than 1.0 m thick. A, Data plotted as log cumulative number against log bed thickness, illustrating marked upward convexity. B, Data plotted as log cumulative number against bed thickness (cf. fig. 14) .
law distribution by a factor of 3, i.e., Ϫ1.4/3 p (stage 2 in fig. 12A ). Changing the ratio h uc /r uc 0.5 does not affect this result but simply shifts the graph vertically. In addition to the slope change, we also impose an upper limit on the maximum bed thickness that can accumulate in the confined basin. For a finite-volume, surge-type flow, this limit will be defined by the ratio of the height of the contained flow to the height of the confining barrier. In the model, this is done by defining a range of bed thickness (in this case, beds between 1 m and 10 m), for which on average only 50% of the beds are deposited/preserved. Below 1 m, all beds are deposited in the basin; above 10 m, none of the beds is deposited (stage 3 in fig. 12A ). This approach is more realistic than imposing one single cutoff value since the effective height of the confining barrier decreases as the basin fills and the range (1 m-10 m) matches the observations. The result is a convex-upward plot on the log/log plot (stage 3 in fig. 12A ) and is dominantly a straight line when the log of the cumulative number is plotted against bed thickness, indicating an exponential distribution ( fig. 12B) . However, the thinnest and thickest portions of the modeled data divert considerably from this trend.
Flow confinement of the sort modeled has a significant impact on the preservation of bed thickness populations. Initially, the confinement of beds in a small basin (10-km diameter in this case) causes extreme thickening of flows; for example, beds that would be 10 cm thick on a basin plain would be preserved as over 10 m of thickness in the confined basin. More extreme still, an event that would have deposited a 1-m-thick bed on a basin plain over an area of perhaps 8.7#10
4 km 2 would equate to more than 6000 m vertical thickness in a confined basin of this size! These extreme thicknesses make the point that small, intraslope, confined basins must experience very high sedimentation rates and high degrees of bypass by larger volume events. We have simulated this bypass by assuming that all beds greater than 10 m flush through the basin completely and are not preserved and that those between 1 and 10 m thick are partially preserved. An outcome of our model is that the ratio of the volume of material preserved to the volume delivered to the basin is less than 0.01, although only 12%-15% of the beds were affected by the simulated flow stripping. In other words, 99% of the volume of material delivered to the basin was bypassed through it before the basin was filled, and this flux was contained within the largest 12%-15% of the incoming flows. These values are given as an indication of the potential importance of flow confinement but are not meant as simulations of a particular basin. The assumption that bed shape can be approximated by a cylinder may not be wholly realistic, but altering the shape will not alter the scaling of the volume calculations and hence will not modify the percentage values given for volumes of material preserved or bypassed.
Base-of-Slope Scenario. In both the data sets from base-of-slope settings, two processes are identified as having the strongest potential to influence bed Figure 13 . Schematic illustration of the processes interpreted to effect bed thickness scaling at the base-of-slope setting. The erosion and/or nondeposition of thin beds are recorded in the extensive preservation of amalgamation surfaces (e.g., fig. 7 ). Additionally, the complete amalgamation of turbidite events results in the inability to differentiate beds, resulting in their being counted as one individual bed.
thickness measurements: first, the high degree of bypass and erosion in a proximal base-of-slope setting. This process results in the preferential erosion and/or nondeposition of thinner beds ( fig. 13 ). The second is the erosional amalgamation of the deposits of numerous turbidity currents, making the identification of individual turbidite event beds difficult to impossible ( fig. 13 ).
In the model run, the initial power-law bed population is modified by removing a proportion of the thinner beds. In practice, this is achieved by defining a thickness above which all beds are preserved (in this case, 0.75 m). Below this threshold, beds have a 50 : 50 chance of being preserved, and we select the bed thickness values randomly from the underlying (power-law) distribution. Because the number of beds increases as bed thickness decreases, there is a progressively higher proportion of the thinnest beds removed. We assume that these beds are deposited elsewhere in a more distal location. The consequence of this filtering of the original power-law signal is to cause the portion of the bed thickness frequency distribution that represents the thinner beds to curve over instead of being linear (stage 2 in fig. 14A ). In addition to this, we also introduce the possibility that in a base-of-slope setting, it may not always be possible to distinguish adjacent beds if amalgamation has occurred (e.g., fig. 9 in Carlson and Grotzinger 2001) . Therefore, we define a finite probability (0.5 in the example Figure 14 . Results of statistical models intended to approximate the effects of base-of-slope processes on the bed thickness population. Solid circles represent the initial input signal where the power-law exponent is Ϫ1.4. Triangles represent the modification of the input signal to approximate the effects of reducing the thin-bed population in response to erosion and bypass at the base-ofslope. Squares represent a further modification of the data by accounting for the inability to identify and record some of the amalgamated beds. A, Data plotted as log cumulative number against log bed thickness illustrating upward convexity similar to that shown in figure 12 . B, Data plotted as log cumulative number against bed thickness, which shows a clear difference to the confined basin data plotted in figure 12B . In order to distinguish the distributions illustrated in figures 12B and 14B, it is clearly important to document thoroughly the thinnest and the thickest portions of the data sets.
shown in fig. 14A ) that successively selected beds, e.g., h 1 and h 2 (where the selection is a random process), are amalgamated and that they form one bed with a combined thickness . It is pos-
sible that any number of beds may be amalgamated together (because of the random element to the process), but the minimum number is two, and some beds may not be amalgamated at all. The effect of this amalgamation is to produce an upward bowing to the distribution (stage 3 in fig. 14A , and as shown by Carlson and Grotzinger 2001) . The end result of the two-stage model is a convex-upward plot on the log/log plot of the cumulative frequency that is comparable to the plots illustrated from the baseof-slope settings in the Annot and Taveyannaz Sandstones ( figs. 8G, 11D ). When the cumulative number of the modeled output is plotted against the linear bed thickness ( fig. 14B ), the bulk of the data plot as a straight line, revealing an exponential distribution similar to the observed base-of-slope data from the Annot Sandstones ( fig. 11D ).
In the model run illustrated in figure 14 , only 12% of the original 2000 turbidites have been preserved in the base-of-slope setting. However, assuming that volume equals pr 2 h (equation for a cylinder) and that r is directly proportional to thickness h, the deposited succession represents 99.6% of the volume of the original input signal. In contrast to the confined basin scenario, the greatest effect on the bed thickness plot comes from modifying the thin-bed population and hence does not have great impact on the volumetric calculations.
Discussion

So What Distributions Best Characterize Confined
Basin and Base-of-Slope Settings? The confined basin bed thickness data from the Taveyannaz Sandstones are best described as having an exponential distribution that appears linear when the log of the cumulative number is plotted against bed thickness (figs. 1B, 8D). The modeled distribution for the confined basin scenario when plotted on the same axes ( fig. 12B ) simulates the exponential distribution for beds 10.5 and !8 m. However, the thinnest beds show a steepening upward on the plotted modeled data, and there is a hint of this signal in the thinnest beds of the Taveyannaz inner basin (fig. 8D) . The modeled data also show a significant dip beneath a regression line for the beds 18 m thick caused by the simulated effects of flow stripping ( fig. 12B ). This effect is not seen on the equivalent plot of the observed data ( fig. 8D ), although the numbers of thick beds measured is very small, and a greater number would be required to fully assess this portion of the population.
The base-of-slope populations appear nearer to a power-law distribution where the succession has experienced moderate amounts of amalgamation, such as in the outer basin of the Taveyannaz Sand-stones (40% amalgamation; fig. 8G ). With higher amounts of amalgamation as seen in the data from the Annot Sandstones (50%), the plots approximate an exponential as revealed by the straight line on the log of cumulative number plotted against bed thickness ( fig. 11D ). The modeled data that simulate base-of-slope processes also indicate the tendency toward exponential distributions for high degrees of amalgamation ( fig. 12B ). However, in contrast to the confined basin scenario, the thicker beds of the population plot above a best-fit regression line, highlighting the effects of preferential amalgamation of the larger beds ( figs. 6C, 10C) .
Overall, this analysis reveals the importance of plotting data in a variety of ways in order to distinguish between distribution types. It also reveals the importance of obtaining good data for both the thickest and thinnest portions of the population. In these studies, it is clear that basin-floor topography will tend to generate convex-upward cumulative frequency plots on log/log axes ( fig. 15 ). These can be better differentiated by plotting the log of cumulative number against bed thickness, in these cases, revealing a tendency toward exponential distributions. In none of the examples studied is there evidence of the development of lognormal distributions such as described by Talling (2001) and plotted schematically in figure 1. However, it is possible that the less than 0.05 m population that was not recorded in these data may flatten off from the linear form of the exponential distribution on the log/linear plots.
How Might Basin-Floor Topography Relate to Other Controls?
As indicated in the "Introduction," there are other potential controls on the bed thickness distribution of turbidites, such as local environments (e.g., Carlson and Grotzinger 2001) and variable flow rheologies (e.g., Talling 2001), both of which produce convex-upward cumulative frequency curves on log/log axes similar to those modeled here. Which of the various potential controls act as the primary control must depend on the system being studied. Many of the small, sand-rich systems that characterize the Tertiary outcrops of Europe demonstrate highly complex basin-floor morphologies where various degrees of flow ponding, flow stripping, and rapid deceleration at the base of local slopes are to be expected. In more open, basin plain settings, the opportunities for complex depositional topography to form in relation to channel/levee systems would suggest that local environments may dominate the signal. In other systems, such as the Britannia Formation in the North Sea (Lowe and Guy 2000) , flow rheologies may be highly variable, generating a variety of deposits with contrasting thickness to length ratios that generate separate populations that will combine in complex ways. By attempting to isolate an individual effect, we hope that we have improved the general understanding of turbidite systems and enhanced the capabilities of bed thickness statistics as an interpretive tool.
Do the Data Characterize These Settings? It is intended that by simulating the effects of the sedimentological processes that have been interpreted from the data, we are able to draw generalities about bed thickness distributions in relation to basin-floor topography. This raises the question of how well the two basin-floor morphologies are characterized by the data sets presented. In all of the sedimentary sections measured, there are a variety of facies represented that record variability but no clear evolutionary trend in the depositional processes through time (figs. 7, 9). The packaging and stacking of facies result in variable degrees of cyclicity of the sort recorded extensively in classic turbidite literature (e.g., Mutti and Ricci-Lucchi 1975) . In the measured sections used for this study, the packaging of facies and the repetition of these packages as illustrated in figures 7 and 9 qualitatively indicate that they are a good representation of the variability of environments and processes that characterize both the confined basin and baseof-slope setting. It also indicates that in statistical terms, the systems may be considered as stationary (Davis 1986 ) and thus not evolving in terms of timeaveraged processes.
How Could These Concepts Be Applied?
It has been shown that both confined basin and base-ofslope settings have characteristic processes that are capable of significantly modifying bed thickness populations. Both settings have the potential to modify an original power-law input signal to a distribution that appears convex-upward on the log/ log cumulative frequency plot but that can be better differentiated on log/linear axes of cumulative number against bed thickness ( fig. 15 ). In terms of improving the interpretation of subsurface data, bed thickness distribution data would be ambiguous on their own. However, when integrated with even a small amount of information on the sedimentology or basinal setting (e.g., from complimentary seismic data), there is potential for converting the bed thickness data into improved 3D predictions of the reservoir. For example, in confined basin settings, such as the numerous saltwithdrawal minibasins of the Gulf of Mexico, the gross depositional style of the basins evolves from a ponded facies assemblage to a bypass facies assemblage, with important implications for reser- Figure 15 . Cartoon of the effects of confined basin and base-of-slope processes on an incoming power-law distribution of turbidity currents, and the resultant bed thickness distributions plotted as log cumulative number against log bed thickness.
voir architecture (Prather et al. 1998) . Bed thickness statistics derived from well log data may help in differentiating these assemblages and aid flow models of the reservoir. Similarly, in base-of-slope settings, the reduction of shale layers between sandstones in more proximal settings improves flow connectivity within a reservoir. Therefore, being able to identify the degree of amalgamation from the degree of convexity on a log/log cumulative frequency plot may assist the development of reservoir models.
Conclusions
1. The sedimentology of turbidite successions of the Taveyannaz Sandstones of eastern Switzerland that were deposited in confined, intraslope basins is interpreted as a record of flow ponding and flow stripping. Both of these processes will act to modify a magnitude/frequency input signal of flow volumes from the source.
2. Turbidite successions of the Taveyannaz and Annot Sandstones that were deposited at base-ofslope settings record extensive erosional truncation of beds. Bypass and erosion in the base-of-slope setting affect the bed thickness populations by the erosion and/or nondeposition of thin beds and the unidentifiable amalgamation of thicker beds.
3. Bed thickness data for both the confined basin and base-of-slope settings, when plotted as cumulative frequencies on log/log axes, generate convexupward patterns. The results for the base-of-slope settings indicate a positive correlation between the degree of amalgamation of beds and the convexity of the cumulative frequency curve. Improved differentiation between distributions is achieved by plotting the data as the log of cumulative frequency against linear bed thickness. For the case of the confined basin and the proximal base-of-slope, these plots better fit exponential distributions.
4. Statistical modeling of the effects of confined basin and base-of-slope processes on an input signal with a power-law magnitude/frequency distribution approximates the data derived from the Taveyannaz and Annot Sandstones. The influence of flow ponding in small, intraslope basins is to dramatically increase, by two to three orders of magnitude, the bed thicknesses. To counteract this, flow stripping allows the bypass of large volumes of bigger flows. The model runs indicated that confined, intraslope basins must bypass a large proportion of the sediment delivered to them even before they are fully filled. The effects on bed thicknesses in base-of-slope settings were modeled by removing a proportion of the thinner beds and amalgamating a number of the thicker beds. Although this had a significant effect on the cumulative frequency curve, it had little effect on the total volume of preserved sediment.
5. Statistical models indicate that the thinnest and thickest portions of the bed thickness data are the most important for distinguishing sedimentary processes that characterize confined basin and base-of-slope settings. None of the observed or modeled data generated lognormal distributions, indicating that this is not a likely product of the effects of basin-floor topography.
6. Basin-floor topography is viewed as a firstorder control on turbidite bed thickness data in certain systems. When combined with other data, bed thickness statistics have significant potential in assisting in the interpretation of ancient successions in terms of basinal setting and in understanding sediment preservation and dispersal within a system.
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